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Abstract Tritium from 1950s and 1960s atmospheric
hydrogen-bomb tests was dispersed into the stratosphere
and around the globe. The fallout of tritium in precipitation
was especially high in the northern hemisphere, peaking
during a flurry of atmospheric nuclear testing in 1963.
Rainout from hydrogen-bomb tests recharged aquifers, and
this maximum of tritiated water inadvertently has provided
hydrogeologists with a way to establish the time of
recharge because prior to hydrogen-bomb explosions,
practically no tritium existed in groundwater. In 1967, the
US Geological Survey took numerous Inyan Kara Group
groundwater samples in the Dewey/Burdock area of the
southwestern Black Hills. They found tritium concentra-
tions exceeding 200 tritium units and determined a
groundwater velocity of 4.6 m per day in the Inyan Kara
aquifer, assuming the tritium originated from rainout on
nearby outcrops in 1963. In 2011, the US Geological
Survey took groundwater samples in the same general area
as the 1967 study. These samples from the Inyan Kara
Group had tritium concentrations ranging from < O to 15.3
tritium units, much lower than the 1967 study and almost
back to values expected from natural production of tritium.
Because the half-life of tritium is ~ 12.3 years, only 7%
of the tritium generated from tests in 1963 would still be
present 48 years later in 2011. The maximum tritium
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values found in the 2011 study are approximately the
values expected from radioactive decay only; this could be
interpreted that in some locations very slow groundwater
movement has occurred between 1967 and 2011, while in
other locations lower tritium values show there has been
much faster movement. However, the great range of tritium
concentrations indicates considerable variability in
groundwater dispersion has occurred. This variability is
caused by the complex stratigraphic units of irregular
geometry and permeability in the Inyan Kara Group.
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Introduction: the hydrogen bomb and tritium
fallout

The principle of the hydrogen bomb (originally referred to
as the “Super,” or H-bomb—Rhodes 1996) is the fusion of
hydrogen to make helium. The source of hydrogen is the
isotope deuterium (*H). Among the products of nuclear
fusion explosions is tritium (3H). From 1952 to 1958, and
1961 to 1963, hundreds of American fusion and fission
bombs were tested in the atmosphere at the Marshall
Islands and other areas (http://www.abomb ! .org/atmosphr/
ustable.html, accessed 2/1/2016). Additional testing was
conducted by the Union of Soviet Socialist Republics, the
UK, France, China, and other nations. Although much
information is classified, it is believed that more than 2000
nuclear tests were conducted (hitp:///www.cybto/org/
nuclear-testing/history-of-nuclear-testing/world-overview,

accessed 2/1/2016). By the year 1993, a total of 520
atmospheric nuclear explosions had been detonated by the
nuclear-armed nations worldwide, with a total yield of 217
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megatons from fission weapons and 328 megatons from
fusion weapons (http://en.wikipedia.org/wiki/Nuclear _
weapons_testing, accessed 1/10/2017).

The by-products of these atmospheric tests were lofted
into the atmosphere, some remaining in the troposphere
(from 0 to 10-15 km above ground) while the rest was
transported into the lower stratosphere (from the top of the
troposphere up to ~ 25 km above ground) by the force of
the explosion and the buoyancy of heated air mixed with
explosion products. For devices detonated near a land
surface, as much as 80% of the reaction products and
debris, including “H, remained in the troposphere. For
explosions above water surfaces, only about 20% remained
in the troposphere (Canadian Nuclear Safety Commission
2009). The material remaining in the troposphere was
entrained into the general circulation of the northern
hemisphere, with much of it swept up in the generally
eastward wind pattern. Water vapor containing tritium
condensed during cloud formation when storms developed
in this circulation, and some eventually precipitated to the
ground. The duration of this tritium in the troposphere was
on the order of a few weeks (Warneck 1988; Gat et al.
2001).

The radioactive material in the lower stratosphere
remained there for many months to several years, circling
the globe multiple times in a generally eastward direction.
The water containing tritium remained as vapor in the
stratosphere, as conditions in the stratosphere are not
suitable for cloud formation except for limited times and
certain locations in polar regions. Stratospheric air does not
mix readily downward into the troposphere because it is
warmer and more buoyant than the tropospheric air below
it. However, as strong mid-latitude storm systems develop,
a process called “tropopause folding” can occur in which
stratospheric air is swept downward on the poleward side
of the tropospheric jet stream and intrudes far into the
storm system in the troposphere below (Reed 1955;
Danielsen 1968; Palmen and Newton 1969). Some of this
air can be mixed into regions where clouds and precipita-
tion form, and tritium in the water vapor in the air that
descended from the stratosphere can fall to the ground as
part of this precipitation. The process of tropopause folding
was discovered in the 1950s after nuclear bomb test
products, including several very radioactive and dangerous
species, were found in precipitation falling many months
after the nuclear tests and thousands of miles away from
the test sites (Fig. 1). In this figure, *H content of precip-
itation is expressed in tritium units (TU). A tritium unit
corresponds to one atom of “H per 10'® atoms of 'H—see
Clark and Fritz (1997). The eventual moratorium on
atmospheric testing agreed to in 1963 was in part motivated
by the danger presented by global deposition of these
dangerous radioactive species.
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Atmospheric dispersal of *H was documented by Doney
et al. (1992), who found that “... the major tritium peaks in
surface rain follow by 1-2 years the atmospheric ther-
monuclear tests...”. Monthly composite precipitation
samples, analyzed for tritium from 1960 to 1986 (including
tables and global maps), were described by Doney et al.
(1992). Tritium precipitation samples were collected from
342 stations worldwide (Morishima et al. 1983). Figure 1
shows US tritium rainout in 1962 and 1963. Tritiated water
vapor also was collected from ground level and aircraft
(Mason et al. 1982). Gat et al. (2001) explained the inter-
action of seawater, tropospheric and stratospheric water,
and the time lag between bomb test and tritiated water
falling over continental areas. Figure 2 shows the record of
*H in precipitation at Ottawa, Canada. The World Meteo-
rological ~Organization/International Atomic Energy
Agency (WMO/IAEA) has tritium concentration records
for worldwide monitoring stations (IAEA 1969). The major
tritium peaks in surface rain reportedly followed 1-2 years
after the H-bomb tests in the late 1950s and early 1960s
(Eriksson 1965; Doney et al. 1992). Gat et al. (2001)
pointed out that “at the peak *H concentration during the
spring 1963 the *H content of precipitation at the northern
hemisphere was about 5000 TU.”

Most atmospheric thermonuclear tests took place in the
northern hemisphere. Immediate transport of some tritiated
tropospheric water vapor from the tests in Pacific tropical
areas to North America could have occurred from the
atmospheric phenomenon known as an “atmospheric
river” (Dettinger et al. 2016). Most “H was transported into
the stratosphere, and then some of this went back into the
troposphere during tropopause-folding events that occurred
in late-winter/spring storm systems associated with the jet
stream. For instance, Fig. 1 shows high concentrations of
*Hin precipitation at Bismarck, North Dakota, but lower at
Menlo Park, California, where these tropopause-folding
events do not occur very often.

Ottawa is the only station worldwide with *H observa-
tions prior to the start of atmospheric testing of fusion
bombs. Figure 2 shows that very little trittum deposition
occurred prior to the beginning of the era of atmospheric
nuclear testing in 1952, followed by increasing values until
1963, the year with the peak number of tests.

Tritium as a groundwater tracer

Groundwater recharged before 1952 would be expected to
have a concentration of only 2—4 TU (Freeze and Cherry
1979). H-bomb tests introduced *H into the atmosphere
initially in 1952, followed by additional tests in the late
1950s and early 1960s before a moratorium on atmospheric
testing was agreed upon by most of the main nuclear
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Fig. 1 Map showing weighted TRITIUM RAINOUT OVER THE UNITED STATES IN 1962 AND 1363
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Fig. 2 Monthly tritium concentrations (TU) in precipitation at Ottawa, Canada. Samples from the Black Hills area of South Dakota also are

shown (from Naus et al. 2001)

powers at the time. It is generally accepted that if rain
recharged groundwater before 1952, or more than 50 years
after the testing moratorium, it had low “H, whereas higher
values indicate the water was recharged between 1952 and

1963 (Stewart and Farnsworth 1968). The increase in H
from nuclear testing in 1962-1963 was so extreme, more
than an order of magnitude greater than in 1961, that the
presence of “H above natural levels in water sampled from
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the mid-1960s onward can be treated approximately as
originating with a single pulse in 1963 (Michel 1989).

Tritium is an excellent tracer because it is nonreactive.
Unlike some tracers, tritium is not retarded in groundwater
flow because it constitutes part of the water itself. Fur-
thermore, if monthly or annual averaging is done, it is
observed that *H content in precipitation is remarkably
uniform on scales of tens to hundreds of km (Thatcher
1962).

Tritium in Black Hills groundwater

In 1963, the average concentration of tritium in rainout
over the Black Hills was approximately 3500 TU (Gott
et al. 1974). Back et al. (1983) studied the chemistry of
groundwater in the Madison (Pahasapa) Limestone in the
Black Hills area. Samples taken in 1981 show that Cascade
Spring, for example, had low tritium values (4.7 TU),
indicating the water was recharged before 1952. Excep-
tionally high tritium concentrations were found in Rhoads,
Jones, and Cleghorn Springs, all in the recharge area of the
Madison Limestone. Back et al. (1983) concluded that
these three springs had a large amount of post-1952 water
because “... during the mid-1960s, the *H content of
rainfall in the northern hemisphere was as high as
5000 TU; the average “H content of rainfall expected in the
Black Hills would have been in the range of 2500 TU...”
[The maximum permissible level (MPL) for drinking water
is 20,000 pCi/L, equivalent to 6300 TU (Carter et al
2002)].

Back et al. (1983) found that eastern Black Hills
groundwater (Jones Spring, Cleghorn Spring, and a deep
well at Ellsworth Air Force Base) was enriched with heavy
isotopes of hydrogen and oxygen, whereas western Black
Hills sources were depleted. This was interpreted as a
function of the rainfall pattern, where rainfall coming from
the northwest was isotopically depleted.

Williamson and Carter (2001) found generally low *H
values in wells in the Minnelusa Formation (median
1.5 pCi/L, equivalent to 0.47 TU) and the Madison Lime-
stone (median 6.0 pCi/L, equivalent to 1.88 TU). Naus
et al. (2001) and Carter et al. (2002) showed tritium levels
in Black Hills area water rising sharply from a background
of about 15 TU in 1952 to maximum concentrations of
about 4200 TU in 1963. Water recharged since initiation of
nuclear tests in the early 1950s is considered “modern.”
Carter et al. (2002) found that, compared to wells in deep
aquifers (that have long travel times since recharge),
groundwater in headwater springs in the Madison and
Minnelusa aquifers “... have high tritium concentrations,
which generally indicate relatively high proportions of
modern water.”
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Tritiated water from H-bomb tests fell on outcrops of the
Inyan Kara Group in the southern Black Hills. Figure 3
shows °H data from 1967. Gott et al. (1974) collected
groundwater samples in 1967 and estimated the ground-
water velocity from outcrops of the sandstone members of
the Inyan Kara Group to the downgradient sample loca-
tions, assuming the “H rainout originated in 1963. They
noted “... widely varied rates of ground-water flow in the
Inyan Kara are indicated by the tritium distribution.” In the
Burdock area, an exceptionally fast groundwater velocity
(4.6 m per day) was determined; Gott et al. (1974)
hypothesized that the fast velocity “... possibly results
from artesian discharge of the Inyan Kara water into the
gravels...” in the Beaver Creek—Cheyenne River lowlands
areas. Rahn (2014) pointed out that this exceptionally fast
groundwater velocity was not consistent with slower
velocities calculated from Darcy’s Law using hydraulic
conductivity values obtained from nearby pumping tests.

Figure 3 shows the 1967 tritium concentrations in the
Inyan Kara aquifer in the southwestern Black Hills
exceeded 200 TU in some places. [Note: The half-life of
tritium is ~ 12.3 years (Domenico and Schwartz 1990;
Lucas and Unterweger 2000). Because the time between
the maximum frequency of H-bomb tests (1963) and the
date of sampling (1967) was only 4 years, the radioactive
decay associated with water in this region was not of major
significance. Eastoe et al. (2012) pointed out that by the
year 2025 or 2030, at a detection limit of 0.6 TU, tritium
concentrations for groundwater studies will become indis-
tinguishable from pre-bomb recharge.] Tritium rainout in
the 1960s was in the range of 2500 TU (as noted above),
but concentrations in the Inyan Kara aquifer had been
reduced considerably (to ~ 200 TU) at the sampled
groundwater localities in 1967. It appears that the “H in the
precipitation that recharged the Inyan Kara outcrops during
rainouts became mixed with water in the aquifer that had
been recharged by numerous prior and subsequent precip-
itation events with lower tritium levels.

Changes in tritium concentrations in the Dewey—
Burdock area

The Dewey-Burdock area is the focus of recent environ-
mental studies (US Nuclear Regulatory Commission 2012).
Figure 4 shows year 2011 tritium concentration data in
groundwater in this area. The data were collected by the
US Geological Survey (Johnson 2012a, b) and show tritium
concentrations in springs and wells in the Inyan Kara
Group, in the underlying Jurassic Unkpapa Sandstone, and
in alluvial wells. The elapsed time from year 1963 was
48 years. With a half-life of ~ 123 years, only
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Fig. 3 Map showing tritium concentrations (TU) in groundwater in the Dewey/Burdock area in year 1967 (from Gott et al. 1974). The small
black dots with an associated number (e.g., 17, 20, 21, etc.) represent numbered sampling sites of Gott et al. (1974)

approximately 7% of the “H deposited in 1963 would still
be present after 48 years.

Figure 5 is a map of part of the Dewey/Burdock area
showing composite TU data for the years 1967 and 2011.
[Note: The Cretaceous Inyan Kara Group terminology used
by Gott et al. (1974) and Rahn (2014) is used in this paper.
The Inyan Kara Group contains the Fall River Formation
and the underlying Lakota Formation; the Lakota Forma-
tion includes the Chilson Sandstone Member.| The H data
indicate a general reduction in the concentrations of tritium
between 1967 and 2011. From Fig. 5, the average is only
~ 2.7 TU for the Inyan Kara samples taken in 2011. Yet
the average 1967 value in this area was ~ 150 TU.
Therefore, the 2011 TU values average only ~ 1.8% of the
1967 values. This is lower than can be attributed only to

radioactive decay, indicating groundwater movement and
dilution.

Figure 5 shows four places where the 1967 sample
locations are the same as (or very close to) the 2011
locations. Using the *H data published in the two US
Geological Survey reports:

Station #17 dropped from 221 to 15.3 TU,
Station #20 dropped from 241 to — 0.3 TU,
Station #21 dropped from 113 to (.7 TU,
Station #22 dropped from < 100 to 0 TU.

For Station #17, the tritium concentration was reduced
to ~ 6.9% of its 1967 concentration, roughly the value that
would result from radioactive decay; hence, this 2011
water has a tritium concentration that would be expected
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Fig. 4 Map showing tritium concentrations (TU) in groundwater in
the Dewey/Burdock area in year 2011 (from Johnson 2012a)

for water that had about 200 TU in 1967 and had under-
gone only radioactive decay since that time. [Note: It is
possible that some of the samples from 2011 were not
taken from the same stratigraphic horizons in the Inyan
Kara aquifer as the 1967 samples.] The other three stations
above (#20, #21, and #22) show a greater decrease of 3H,
indicating the original 1967 water has become dispersed
and/or diluted.

In the general Burdock/Dewey area, one Chilson well
sampled in 2011 (Figs. 4, 5) showed 15.3 TU, and one Fall
River well showed 9.3 TU. These sources were within the
200 TU areas sampled in 1967 (Fig. 3). The radioactive
decay of tritium (described in the previous section) shows
that in 2011 only 7% of the tritium present in 1967 should
still be present in water that has neither moved nor been
diluted. This is approximately what was found at these two
locations, and hence these samples seem to show either
that: (1) only radioactive decay has influenced the tritium
concentration, with extremely slow groundwater move-
ment, or (2) some combination of radioactive decay, dilu-
tion, dispersion, and aquifer heterogeneity was involved.
Stratigraphic complexity is likely to have contributed to
this enigmatic situation. A water sample taken in 1967
might have been drawn from a permeable unit, whereas a
2011 sample (at the same general location) could have
come from groundwater that had dispersed into a low-
permeability unit where the velocity was much slower.

@ Springer

Unfortunately, insufficient detail is available for a defini-
tive determination of this, based on existing information
about the stratigraphic horizons that were sampled in 1967.
Numerous other wells shown in Figs. 4 and 5 have TU
values that are near zero; these values are interpreted as
evidence that the high-tritium water that was present in
1967 has migrated away or been diluted by more modern
water. Alternative explanations by Johnson (2012a) are
that: (1) there is possible contamination from previous test
holes, or (2) the wells with near-zero tritium concentrations
indicate “... the groundwaters in those wells are likely
greater than 60 years old.”

In summary, a comparison of the *H data between 1967
and 2011 shows that there are places where the Inyan Kara
aquifer still appears to contain tritiated recharge water from
1963 that has moved very slowly. However, there are
places where it appears that the original tritiated water has
moved on or has been diluted. There seems to have been
much groundwater dispersion, i.e., mixing of water within
the Inyan Kara units so that tritiated water became diluted
with either older (pre H-bomb) water or more recently
recharged water.

In places where the Inyan Kara aquifer appears to con-
tain recharge water from 1963, a groundwater velocity
could be calculated by simply assuming that water moved
from the recharge point at the outcrop to a sampling point
such as Station #17 (shown in Figs. 4, 5 with a 2011 tritium
concentration of 15.3 TU). This location is about 3.2 km
downgradient from the Inyan Kara outcrop. A travel time
of 48 years would result in a groundwater velocity of about
67 m per year (about 0.2 m per day). If the recharge water
moved quickly to the area near the sampling point and then
some of it dispersed into a lower-permeability unit of finer-
grained material, the groundwater velocity in this lower-
permeability unit could be much slower. Comparison of
this to the velocity of 4.6 m per day from Gott et al. (1974)
indicates a wide range of groundwater velocities in the
Inyan Kara aquifer. This type of situation is common with
contaminants or conservative tracers in alluvial aquifers, in
which contamination often is not simply flushed away as a
slug; some can linger, especially in fine-grained material.
Because, in Cretaceous time, much of the Inyan Kara
Group’s environment of deposition was fluvial and inclu-
ded a wide range of particle sizes, it is likely that similar
controlling factors influenced the movement of tritium in
the southwestern Black Hills.

The scenario described by Gott et al. (1974) is that tri-
tiated water moves downgradient through the Inyan Kara
aquifer, and near the confluence of Beaver Creek and the
Cheyenne River area, it has a velocity of 4.6 m per day.
Using this simple model, by year 2011 this slug of tritiated
water should have passed far beyond the Dewey/Burdock
area. But that does not seem to have happened. Rather,
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locations show tritium concentrations from 2011 Inyan Kara sampling
sites of Johnson (2012a)

1967. In addition to this situation, it appears that dilution
with nontritiated water has occurred as well as dispersion
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through the complex sandstone channels in the Chilson and
other members of the Inyan Kara aquifer. Water also seems
to have leaked upward into the alluvial units. Figure 6 is a
potentiometric map of the Inyan Kara aquifer. In the
Dewey area, the potentiometric surface slopes southwest-
erly at a hydraulic gradient of approximately 0.01. Based
on potentiometric information published by the US Geo-
logical Survey (Strobel et al. 2000; Carter et al. 2002), the
head in the Inyan Kara aquifer is above the land surface in
parts of the area, especially in the valleys of creeks and
near the Cheyenne River. Several flowing artesian wells are
shown on the US Geological Survey’s 1:24,000-scale
Burdock and Dewey topographic quadrangle maps of the
area (US Geological Survey 1950, 1951), so leakage to
alluvium is likely. Davis (1986) used field mapping, aerial
photography, and drilling data in the Black Hills to delin-
eate alluvial aquifer heterogeneity in a model of ground-
water flow and solute transport and demonstrated improved
simulations of dispersion as a result (Fetter 1999).

Discussion

Tritium, the inadvertent result of thermonuclear bomb
tests, provides a tool to study groundwater in the southern
Black Hills. Wells and springs were sampled and analyzed
for tritium by the US Geological Survey in 1967 and
showed groundwater concentrations greater than 200 TU at
places (Gott et al. 1974). Assuming tritiated water fell on
outcrops of the Inyan Kara Group in 1963, a maximum

>,

Nk

velocity of 4.6 m per day was determined by the US
Geological Survey, based on the distance traveled in
4 years.

In 2011, the US Geological Survey took samples in the
same area and found tritium concentrations varied greatly,
from approximately zero to 15.3 TU. The higher value of
15.3 TU represents a decline to 7% of the 1967 values by
2011; this is approximately the concentration that would
result if the water at or near this sampling location in 1967
had undergone only radioactive decay of tritium since that
time. This indicates that groundwater velocities vary
greatly in different parts of the aquifer. It was not simply a
slug of tritiated groundwater moving at 4.6 m per day
through the aquifer, because by the year 2011 this fast-
moving water would be many kilometers downgradient
unless there was a great change in hydrogeologic condi-
tions. The interpretation of the great range of TU (espe-
cially the 2011 data) is challenging. In some parts of the
aquifer, there could be extremely slow groundwater
velocities and nearly stagnant water, yet there are other
places where rapid movement and dispersion have
occurred.

Originally simply described as the “Dakota Sandstone”
(Darton 1909), this famous artesian aquifer is now called
the Inyan Kara Group in the Black Hills area. It has been
studied by numerous hydrogeologists (e.g., Keene 1973;
Bredehoeft et al. 1983; Case 1984). The tritium concen-
trations show that the Inyan Kara Group is not a simple,
homogeneous aquifer in which a slug of tritiated water
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Fig. 6 Potentiometric map of the Inyan Kara aquifer in the southern
Black Hills (from Carter et al. 2002). In the Dewey area, the
potentiometric surface slopes southwesterly at a hydraulic gradient of
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approximately 0.01. The potentiometric contours are in units of feet
above sea level. The yellow color indicates the outcrop of the Inyan
Kara Group
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Fig. 7 Diagrammatic cross section showing stratigraphy of the Inyan
Kara Group in the southwestern Black Hills. [Note: This cross section
was originally published as part of Plate 1 from Gott et al. (1974).]
The lower sandstone member of the Fall River Formation is shown as

would move like a tracer in a laboratory experiment with
uniform material.

The hydrogeology of the Inyan Kara aquifer is controlled
by its complex stratigraphy. This aquifer includes facies
involving sandstone, shale, coal, and limestone members
(Fig. 7). Schoon (1971), for example, described Lakota
sedimentary facies originally deposited in a continental
environment as the Cretaceous sea encroached from the
northwest. Dahlstrom and Fox (1995) showed the Lakota
Formation in the southwestern flank of the Black Hills is
about 150 m thick and contains three fluvial sandstone units.

The anisotropic nature of the stratigraphic units is an
additional hydrogeologic factor. The permeable sandstone
units are fluvial channel sands that have irregular geometry
and anisotropic transmissivity. For example, a pumping
test in the Lakota Formation at Wall, South Dakota, uti-
lized four observation wells and showed “... a principal
transmissivity of 2650 gallons per day per foot
(32.9 mz/day), oriented in a north 35° west direction”
(Rahn 1992). The hydrogeologic regime is complicated by
secondary permeability that developed along fractures in
the Lakota Formation. The sandstone units in the Inyan
Kara Group are the primary conduits though which
groundwater moves, and the 1967 and 2011 water samples
are believed to have come largely from these units. Leak-
age between the Chilson Member of the Lakota Formation
and the overlying Fall River Formation is another hydro-
geologic process that has been documented by previous
pumping tests (Boggs and Jenkins 1980).

Groundwater velocities in the Inyan Kara aquifer can vary
from a few meters per year (Rahn, 2014) or slower in shale or
silty layers, to 4.6 m per day or faster, in permeable sand-
stone channels. Well production rates also vary greatly.
Carter et al. (2002) showed that the median production of

WEROCAL EXAGGERATION APPROXIMATELY X 83

HOTZONTAL SCALE IS VARISELE
RESTORED DIAGRAMMATIC CROSS SECTION

Kfmss, and the Chilson (sandstone) Member of the Lakota Formation
is shown as Klcs;. The line of cross section is northwest to southeast
along the outcrop of the Inyan Kara Group, on Fig. 3

Inyan Kara wells in the Black Hills is about 68 L per minute
and the mean is about 115 L per minute, but values range
from less than 0.8 L per minute to thousands of liters per
minute. In the Dewey area, Boggs (1983) reported a pumping
rate of 1870 L per minute during an 11-day pumping test of a
well in the Chilson Member of the Lakota Formation; in that
test, the transmissivity was 55 m*/day and the storage
coefficient was 0.0001. In the Burdock area, Boggs and
Jenkins (1980) conducted a 3-day pumping test of a well in
the Lakota Formation, with a pumping rate of about 760 L
per minute. The transmissivity of the Lakota aquifer at that
location was 17 mz/day, with a storage coefficient of 0.0001.
Boggs and Jenkins (1980) also conducted a pumping test for
the Fall River Formation in the Burdock area, with a
pumping rate of about 32 L per minute. The transmissivity
determined in that test was 5 m%day, and the storage coef-
ficient was 1.4 x 107>, Clearly, the Inyan Kara aquifer is
extremely heterogeneous. Permeable sandstone layers and
fractured zones in the aqguifer can provide large production
rates and fast groundwater velocities, while other zones are
finer-grained and much less permeable. The large contrasts
of hydraulic conductivity at boundaries between sandstone
and shale cause sharp changes in the magnitude and direction
of groundwater flow velocities in the aquifer. This, in turn,
results in greater dispersion and a wide range of tritium
concentrations. Thus, the aquifer’s variability helps explain
the challenging range of tritium data compiled here.

Conclusions
The tritium data presented in this paper show that future

hydrogeologic studies of the Inyan Kara Group will require
a firm knowledge of stratigraphy and its influence on
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groundwater flow conditions. The cross section on Fig. 7
illustrates that the Inyan Kara aquifer has a complex
stratigraphy, with extreme lateral and vertical heterogene-
ity that results in great variation of groundwater velocities
and dispersion. The aquifer contains interbedded sandstone
and shale, along with coal and limestone. Sandstone lenses
in the Chilson Member of the Lakota Formation are fluvial,
with irregular geometry and anisotropic flow conditions.
The widely contrasting lithologies in the Inyan Kara Group
result in sharp differences in the magnitude and direction of
groundwater flow, causing a large range of concentrations
and extreme dispersion of tritium.

Tritium’s usefulness as a tracer from 1960s hydrogen-
bomb fallout will be limited after the year 2030 because of
its short half-life, so future tracer studies of transport and
dispersion in the Inyan Kara aquifer will depend on other
radionuclides, dye, or alternative methods.
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